Abstract: Spacers are designed to create a feed channel, but they are also obstacles to the flow in spiral wound membrane modules. The geometry of the feed spacer influences the flow pattern, which was investigated by using a three-dimensional Computational Fluid Dynamics (CFD) model. For the conventional feed spacer, unavoidable disadvantages were caused by its line contact with the membrane. The pillar-like feed spacer was designed to achieve area contact, which made it possible to enhance the porosity and minimize the adverse effects from the dead zone caused by the transverse filament. Through reductions in the connecting filament's diameter, the channel porosity reached 0.979. Regarding the maximum porosity, the dimensionless power number was reduced by 47.31% at Reynolds number 150 in comparison with a previously studied commercial spacer. Furthermore, a modified friction factor, as a dimensionless parameter, was employed to investigate the shear stress at the membrane's surface. At dimensionless power number 10 6 , the enhancement of the modified friction factor increased by approximately 22.27% in comparison with the results of a previous study. Based on the numerical prediction, the homogenization of shear stress distribution, which changed the flow profile near the membrane, was featured through contour plots.
Introduction
In the reverse osmosis (RO) process, membrane fouling occurs because the solute separation process is a significant challenge to reliable membrane performance. In addition to the membrane wall flow pattern, the solute separation process is vital to the feed spacer's design. To enhance the mass transport characteristics and to mitigate fouling and concentration polarization phenomena, different feed spacer geometries have been considered for the optimization of hydrodynamic characteristics in several numerical and experimental studies [1] [2] [3] . Schwinge et al. [4] reported, in detail, the effects of feed spacer geometry on the flux and pressure loss. Compared to other factors, previous studies have focused on the effect of feed spacers on fouling and performance. Using a numerical model, the experimental results of Vrouwenvelder et al. [5] confirmed that feed spacer fouling was more important than membrane fouling. Karabelas et al. [6] focused on the feed spacers' compressive stress effect on the characteristics of spacer-filled membrane channels. The authors' work focused on the effect of compressive stresses from the net-type spacers on the spiral wound module's operating parameters and on the overall performance of the RO process. In recent years, the use of three-dimensional (3D) print technology in feed spacer fabrication has also been applied to enhance the membrane module's design [7, 8] . Owing to biofouling and particulate fouling, the fouling of feed spacers in the membrane elements was noted as a vital problem during the RO operation. Cornelissen et al. [9] showed strategies to reduce biofouling linked to feed spacers with periodic air/water flushing. Araujo et al. [10] found that a decrease in pressure due to biofouling was generated by an increase in the spacer thickness. Particle Image Velocimetry (PIV) was applied to visually investigate the flow patterns determined by the feed spacer; PIV is considered to be a non-invasive and high-resolution experimental method [11] . The pressure decrease along the channel and the flux improvement are closely related to the flow pattern, especially the eddy promotion from the feed spacer. Radu et al. [12] reported that substrates rejection due to concentration polarization increased with biofilm thickness, and that biofilm removal depended on the velocity variation and shear stress. To achieve further economic improvements to the operation, the consideration of flow pattern has led to the study of feed spacer geometry. Extensive experimental and theoretical studies have sought a better understanding of spiral wound (SW) membrane mechanisms and the optimization of feed spacer geometric parameters. The studies have found the advantages of geometric configuration in the development of the feed spacer to promote high shear stresses and mass transfer rates. However, in the stagnant zone, which is behind the line contact filaments, a low flow velocity means fewer shear stresses, lower mass transfer rates, and a quicker membrane flux decline, which are caused by a simultaneous increase in fouling [13] . In early work, Pervov et al. [14] pointed out the influence of the feed spacer on the scale formation process in the SW membrane model, and details of the mineral precipitation in the contact zone of the spacer and membrane were described in this work. It was found that the transverse filaments determined the flow structure, as reported by Da Costa et al. [15] and Santos et al. [16] . In the current study, a pillar-like spacer was designed to optimize feed spacer geometry. Compared with the conventional spacer, the contact method of the pillar-like spacer with the membrane changed with the area contact. Hence, it was possible that the diameter of the connecting filaments (transverse filament) had decreased to maximize the channel porosity. The energy consumption and shear stress were analyzed using a numerical method, and the results were compared to those of commercial spacers studied in previous works.
Materials and Methods

Characterization of the Pillar-Like Spacer
Feed Spacer Design-Related Problem
Optimizing the feed spacer's design is the key way to improve SW membrane performance in a pressure-driven membrane process. In the feed channel, spacer use is essential to mass transfer; however, the feed spacer geometry determines the hydrodynamics at the same time. Changes in the flow direction and spacer filaments drag cause hydrodynamic resistance, which generates more power consumption in the membrane's operation. Compared to an empty channel, a spacer-filled channel has a higher pressure drop and 3-5 times more flux enhancement. However, beyond the critical Reynolds number of 60, the flow becomes unstable [17] , notably when the cylinder is inserted in the middle of the channel. This is important to both the periodic and symmetric geometry in the feed spacer's design. The SW membrane parameter variables (i.e., the diameter of the filament, element size, channel height, channel porosity, etc.) influence the flow patterns linked to the shear stress distribution on the membrane and feed spacer surface. The hydrodynamic boundary layer must be considered for the permeate flux and fouling process in most of the hydrodynamic analysis.
In conventional designs, the transverse filaments (perpendicular to the cross flow) of the woven and unwoven feed spacer are important to the phenomenon of concentration polarization, which is closely related to membrane fouling near to the membrane surface. The region adjacent to the transverse filaments wall has much higher concentrations [18] . Boram et al. [19] compared the water flux in four classic types of feed spacer configurations, which included nonwoven, partially woven, middle-layer, and fully woven spacers, and showed concentration contours near the transverse filaments using COMSOL Multiphysics. Van Gauwbergen et al. [20] reported the same situation using potassium and calcium chloride as tracers in the experimental research. In the present design, transverse filaments were set as the submerged spacer, where the intersection of the filaments lowered the feed spacer effect owing to its cross-section design.
Selection of Feed Spacer Design Parameter Values
Typical net-like feed spacers are composed of woven and nonwoven feed spacers to enhance mass transfer in the membrane modules. Filaments contact the membrane with the line; so, in the downstream, there is a dead-flow zone behind the transverse filaments. In these dead-flow zones, velocity is close to zero, shear stress and mass transfer are low, and biofouling cultivates easily. The location and inter-filament distance of the feed spacers constrain the shear stress distribution, mass transfer coefficients, and the pressure inside the channel [21] . Koutsou et al. [22] designed a novel spacer to eliminate the adverse effects from the dead-flow zone. However, the nodes of the design were spherical and contacted the membrane with points, which was unstable and made it difficult to optimize the transverse filament. In the current study, a pillar-like spacer was designed, and it was composed of two sets of the intersection and the connecting filaments. A schematic diagram of the pillar-like feed spacer is illustrated in Figure 1 (shown by an elliptic intersection) and Figure 4 . The intersection that was perpendicular to the membrane surface was fixed by the transverse and longitudinal connecting filaments. Furthermore, its cross-section was designed as ellipse and circular for comparison; hence, the intersection contacted the membrane with a small elliptic or circular area. The area contact was more stable than points or line contact. Additionally, the connecting filament was in the middle of the feed channel. The adverse effects on the dead-flow zone were eliminated. The geometry of this pillar-like feed spacer was described by the feed channel height, h f , the element length (the distance between the filaments), ∆L, the diameter of the connecting filament, d, the semi-major axis and semi-minor axis of the intersection elliptic cross-section, a and b, respectively (as shown in Figure 2 left), and the diameter of the intersection circular cross-section, D (shown in Figure 4 right). The feed spacer was also characterized by the hydraulic diameter, D H , and the feed channel porosity or voidage, ε. middle-layer, and fully woven spacers, and showed concentration contours near the transverse filaments using COMSOL Multiphysics. Van Gauwbergen et al. [20] reported the same situation using potassium and calcium chloride as tracers in the experimental research. In the present design, transverse filaments were set as the submerged spacer, where the intersection of the filaments lowered the feed spacer effect owing to its cross-section design.
Typical net-like feed spacers are composed of woven and nonwoven feed spacers to enhance mass transfer in the membrane modules. Filaments contact the membrane with the line; so, in the downstream, there is a dead-flow zone behind the transverse filaments. In these dead-flow zones, velocity is close to zero, shear stress and mass transfer are low, and biofouling cultivates easily. The location and inter-filament distance of the feed spacers constrain the shear stress distribution, mass transfer coefficients, and the pressure inside the channel [21] . Koutsou et al. [22] designed a novel spacer to eliminate the adverse effects from the dead-flow zone. However, the nodes of the design were spherical and contacted the membrane with points, which was unstable and made it difficult to optimize the transverse filament. In the current study, a pillar-like spacer was designed, and it was composed of two sets of the intersection and the connecting filaments. A schematic diagram of the pillar-like feed spacer is illustrated in Figure 1 (shown by an elliptic intersection) and Figure 4 . The intersection that was perpendicular to the membrane surface was fixed by the transverse and longitudinal connecting filaments. Furthermore, its cross-section was designed as ellipse and circular for comparison; hence, the intersection contacted the membrane with a small elliptic or circular area. The area contact was more stable than points or line contact. Additionally, the connecting filament was in the middle of the feed channel. The adverse effects on the dead-flow zone were eliminated. The geometry of this pillar-like feed spacer was described by the feed channel height, hf, the element length (the distance between the filaments), ΔL, the diameter of the connecting filament, d, the semimajor axis and semi-minor axis of the intersection elliptic cross-section, a and b, respectively (as shown in Figure 2 left), and the diameter of the intersection circular cross-section, D (shown in Figure  4 right). The feed spacer was also characterized by the hydraulic diameter, DH, and the feed channel porosity or voidage, ε. The basic geometrical characteristics were the ratio of the distance between the parallel connecting filaments to the diameter of the cylinder intersection (L/D) and the ratio of the diameter of the circular intersections to the diameter of the cylinder connecting filaments (D/d), or the diameter of the cylinder connecting filaments to the ellipse semi-minor axis for the elliptic cross-section (d/a), as shown on the right of Figure 4 . The main flow direction was vertical to the cylinder connecting filaments, as shown in Figure 2 . From a Computational Fluid Dynamics (CFD) viewpoint, it was convenient to define every simulated unit cell and simulate the respective flow field in detail. A higher pressure drop was caused by the feed spacer as reported by Haidari et al. [11] . The diameter of the cylinder connecting the filaments decreased to enhance the channel porosity. Lanxess AG (LXS-ASD) has done the same work, although it alternated the strand thickness to reduce the pressure drop [23] . Filament spacing is a key parameter for the pressure drop, mass transport, and fouling propensity [24, 25] . In a commercial spacer, the ratio L/D usually varies between 7 and 9; however, in most studies, this ratio varies between 6 and 12 [26, 27] . For consideration of the mechanical strength in this design, a high density was applied or a minor L/D ratio = 6 was applied. For area contact, D = h f /2 = 1 mm [4] was employed in the present parameters setting.
Computational Model
Along with the experimental techniques, the time, cost, and risks were reduced by the computational techniques. As a reliable and efficient numerical analysis tool, CFD has been extensively applied to the flow conditions of the SW membrane modules as described in Reference [28] . The interaction of the many different processes could be assessed through computational simulation. Without building spacers, CFD simulation can investigate hydrodynamics under various feed spacer geometry parameters. In the present work, the model of the pillar-like feed spacer was constructed to simulate a membrane system to analyze the role of the pillar-like feed spacer in the feed channel in terms of improving the hydraulic behavior and the decreasing pressure drop. In the current work, a double-sided membrane was implemented, and the consideration of the feed spacer's impact was based on the fluid dynamics and also the through flow.
A 3D Computational Fluid Dynamics (CFD) model was constructed to study the impact of the pillar-like feed spacer in relation to hydraulics in the feed channel. There were two steps to the model. The geometry was constructed by comparison with conventional geometries. Therefore, the incompressible flow in the laminar flow regime was calculated using commonly employed parameters (i.e., friction factor, the dimensionless power number, and the modified friction factor).
Model Construction
The middle region was chosen for the sake of simplicity as the study region (as shown in Figure 2 ). In most RO applications, the permeation velocity has no significant effect on the flow structure in the channel, and in industrial membrane processes, the permeate rate is no more than 0.5% of the total cross-flow velocity in the feed channel. For this reason, the membrane and feed spacer surface were set as a no-slip boundary condition and the assumption of a non-permeable wall was adopted; also, the velocity of the fluid on the surface was specified as zero in the CFD model. Thus, the spacer was explicitly defined as a solid object. The inlet and outlet cross-section were set as the periodic boundary as described in References [17, 29] . The cross-section between two near elements was set as the symmetrical boundary as in Reference [30] (shown in Figure 3 ). The cylinder hydraulics diameter of the cross-section was fixed to compare the circle cross-section and the elliptic cross-section as outlined in Reference [31] . To enhance the porosity, the diameter of the connecting filament was decreased, and five kinds of geometry were considered in this study (as shown in Figure 4 ). In most real cases, the flow through the spacer-filled modules falls in the Reynolds number category where the flow is steady and laminar [32] . The standard laminar model was applied following the literature recommendation to simulate flows below a Reynolds number of 300 in the laminar flow regime through the solution of continuity, as in Reference [33] . Given the simplified simulation, fluid was assumed to be Newtonian and incompressible, and, therefore, no salt source was considered. recommendation to simulate flows below a Reynolds number of 300 in the laminar flow regime through the solution of continuity, as in Reference [33] . Given the simplified simulation, fluid was assumed to be Newtonian and incompressible, and, therefore, no salt source was considered. 
Simulation of Flow Patterns
The flow of a Newtonian fluid in the spacer-filled channel was modelled by Navier-Stokes and continuity equations. The simulation equations are listed below:
The channel porosity is
where VSpacer is the feed spacer volume, and VTotal is the channel space volume in which the mean flow was separated. The hydraulic channel Reynolds number as in Reference [2] is
where ρ is the water density, Uave is the average velocity that flows in the spacer-filled channel, where Uave is calculated by dividing the superficial velocity (for the empty channel) by the porosity, (Uave = Usup/ε). µ is the water kinematic viscosity. The definition of the Reynolds number was used in the results of friction factor and dimensionless power number. The channel hydraulic diameter, as a geometrical parameter that is dependent on the d/a ratio and is close to the filament drag, can be defined as in Reference [2] recommendation to simulate flows below a Reynolds number of 300 in the laminar flow regime through the solution of continuity, as in Reference [33] . Given the simplified simulation, fluid was assumed to be Newtonian and incompressible, and, therefore, no salt source was considered. 
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where ρ is the water density, U ave is the average velocity that flows in the spacer-filled channel, where U ave is calculated by dividing the superficial velocity (for the empty channel) by the porosity, (U ave = U sup /ε). µ is the water kinematic viscosity. The definition of the Reynolds number was used in the results of friction factor and dimensionless power number. The channel hydraulic diameter, as a geometrical parameter that is dependent on the d/a ratio and is close to the filament drag, can be defined as in Reference [2] D H = 4 × computational volume wet sur f ace area
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where the computational volume is the total volume of the element cell. Wet surface area was included in the surface of the spacer and the membrane. Pressure drop can be expressed via the friction factor described in References [34, 35] .
where ∆p is the pressure drop in the channel and ∆L is the element length. The dimensionless power number outlined in References [27, 36] is calculated as follows:
Shear stress on the membrane's surface is important to lower the concentration polarization and enhance the mass transfer. The modified friction factor employed to select the best feed spacer for mass transfer efficiency was used as the method to analyze shear stress on the membrane in comparing five group data as in Reference [16] .
The modified friction factor for the area average shear stress is represented as in Reference [16] f wall = τ wall Re 2
where τ wall is the average shear stress on the membrane surface. All other quantities in the equations are known and constant quantities.
Model Solution
Navier-Stokes equations (REF) were solved in ANSYS-CFX (v18.1, ANSYS, Inc. Cecil Township, Pennsylvania, United States, www.ansys.com), with the finite volume method on the tetrahedral mesh (shown in Figure 5 ) being generated by the ANSYS-CFX automatic mesh generator. Tetrahedral elements were the main elements of the fluid simulation, where Haaksman et al. also generated the same kind of mesh in a simulation [23, 28] . Picioreanu et al. [37] also used tetrahedral elements for the finite element solution in three-dimensional application modes. In Figure 5 , the mesh quality of the boundary layer is illustrated. The grid sizes varied from 89,823 to 134,003 min nodes for the different channel porosities. The mesh was refined near the membrane surface of the boundary layer simulation, and the mesh was expanded away from the membrane. The near-wall node on the membrane was at a distance of 0.2 mm. The thickness of the first mesh element layer was below 1% of the channel height as in Reference [38] . The mesh independence of the solution was checked to ensure that there were sufficient cells in the boundary layer. 
where Δp is the pressure drop in the channel and ΔL is the element length. The dimensionless power number outlined in References [27, 36] is calculated as follows:
The modified friction factor for the area average shear stress is represented as in Reference [16] 
where τwall is the average shear stress on the membrane surface. All other quantities in the equations are known and constant quantities.
Results
Significant quantitative characteristics of the pillar-like feed spacer are presented herein. The results of this study were obtained from direct numerical simulation techniques. To investigate the flow pattern, water was taken as a bulk flow in this study. The Reynolds number up to 200 and the filament spacing 4 resulted in a moderate pressure drop and higher values of the mass transfer coefficient as reported by Asim Saeed et al. [35] . Ranade et al. [39] indicated that, in most of the spacer-filled channels, the transition from the laminar to turbulent flow regime occurred at Reynolds numbers of 300-400 for packed beds. In Shakaib et al. [40] , the simulation for the onset of unsteady flow took Reynolds numbers from 100 to 300. Haaksman et al. [23] 
To validate the present work for simulating the character of the pillar-like feed spacer, the results of the basic dimensionless parameters friction factor, the dimensionless power number, and the modified friction factor, which have been used in other studies, were compared with the results of previous studies on the empty channel and conventional spacers. From Equation (3), the Reynolds number depends on the hydraulic diameter, which is related to the filament surface defined by the ratio d/a. Therefore, the Reynolds number was selected by comparing the energy consumption. The comparison of the shear stress was performed by selecting the same energy consumption, where the dimensionless power number was equal to 10 6 , and commercial spacers were added to compare the inclination of the modified friction factor. Two types of commercial spacers were used (Conwed Plastics, Minneapolis USA), as mentioned in Haaksman et al. [23] , for comparative purposes.
Porosity
Channel porosity is the ratio of the empty volume to total volume. Channel porosity can be applied to estimate filament dimension and feed spacer mesh size. Feed spacer volume can be measured by the feed spacer weight or feed spacer density using the experimental method. However, the geometry parameters of the feed spacer have been measured using a microscope in most of the experimental studies [41] . The channel porosity can be calculated using Equation (2) . In the present work, a different element length meant a different porosity of the feed channel, and the value was higher than in other feed spacer studies, where the maximum value of the porosity measurement was 0.906 as reported by Siddiqui et al. [42] . In this study, the porosity value of the elliptic cross-section was from 0.928 to 0.979, as shown in Figure 4 .
The viscous drag on the feed channel walls and the feed spacer form the drag of the feed spacer, and the kinetic losses determine the pressure drop through directional flow change in a spacer-filled channel [43] . The average velocity influences the flow change, where Da Costa et al. [44] reported on the relationship between pressure and average velocity and gave the parameter "m" result in the laminar and turbulent flow.
In this study, the pressure drop per unit of channel length, affected by the flow rate (Q = U super × h × b) and average velocity, increased as deduced in Figure 6 . Haidari et al. compared the pressure drop in the spacer-filled and empty channels, and the results are listed in Table 1 [11] . The changing inclinations of the pressure drop gradient were simulated in the results by Haidari et al. The equation parameter values were between the spacer-filled channel and the empty channel. The lower porosity was accelerated with the gradual increase of the pressure drop. In Figure 7 , the inlet velocity was set at 0.04 m/s (a constant flow rate was selected to clarify the inclination of the pressure drop and friction factor), and the pressure drop decreased with the increase in porosity, and this inclination was in agreement with previous studies [42, 43] . In comparison, the channel porosity increased by 5% and the pressure drop reduced by 62.56%. At a high channel porosity, the pressure drop approached that of the empty channel. As shown in Figure 8 , a higher diameter of the connecting filament or a lower channel porosity generated a bigger shadow region behind the transverse filament. It is important to note that the friction had a closer relationship with the filament drag from the feed spacer than the surface of the membrane. Furthermore, the pressure drop depended on the friction in the middle of the channel. That was the reason for the decrease in the connecting filament diameter generated by the lower pressure drop.
inclination of the modified friction factor. Two types of commercial spacers were used (Conwed Plastics, Minneapolis USA), as mentioned in Haaksman et al. [23] , for comparative purposes.
(a) (b) Figure 6 . The pressure drop, associated with the connecting filament diameter, as a function of (a) the flow rate and (b) the average velocity. The viscous drag on the feed channel walls and the feed spacer form the drag of the feed spacer, and the kinetic losses determine the pressure drop through directional flow change in a spacer-filled channel [43] . The average velocity influences the flow change, where Da Costa et al. [44] reported on the relationship between pressure and average velocity and gave the parameter "m" result in the laminar and turbulent flow.
In this study, the pressure drop per unit of channel length, affected by the flow rate (Q = × ℎ × ) and average velocity, increased as deduced in Figure 6 . Haidari et al. compared the pressure drop in the spacer-filled and empty channels, and the results are listed in Table 1 [11] . The changing inclinations of the pressure drop gradient were simulated in the results by Haidari et al. The equation parameter values were between the spacer-filled channel and the empty channel. The lower porosity was accelerated with the gradual increase of the pressure drop. In Figure 7 , the inlet velocity was set at 0.04 m/s (a constant flow rate was selected to clarify the inclination of the pressure drop and friction factor), and the pressure drop decreased with the increase in porosity, and this inclination was in agreement with previous studies [42, 43] . In comparison, the channel porosity increased by 5% and the pressure drop reduced by 62.56%. At a high channel porosity, the pressure drop approached that of the empty channel. As shown in Figure 8 , a higher diameter of the connecting filament or a lower channel porosity generated a bigger shadow region behind the transverse filament. It is important to note that the friction had a closer relationship with the filament drag from the feed spacer than the surface of the membrane. Furthermore, the pressure drop depended on the friction in the middle of the channel. That was the reason for the decrease in the connecting filament diameter generated by the lower pressure drop. 
Friction Factor and the Dimensionless Power Number
The pressure drop in the SW membrane channel directly reduces the total transmembrane pressure that acts on the membrane surface. A driven pump has to maintain the transmembrane pressure; so, in the separation process, higher energy is required to compensate for the energy loss influenced by the pressure losses. To make comparisons across different feed spacer situations, the pressure drop can be expressed in terms of the friction factor. The friction factor is commonly employed as a dimensionless parameter to find the changing inclination for different Reynolds numbers. The relationship is presented as the following equation, = .
(8) Figure 9 shows the friction factor generated by the feed spacer with different connecting filament diameters and different Reynolds numbers. Table 2 lists the results reported in the study by Schock et al. [2] . The pressure drop increased when the Reynolds number increased, but the friction factor decreased when the Reynolds number increased. As the connecting filament diameter decreased (the channel porosity was increased), the flow cross-section of the channel obstructed by the feed spacer 
The pressure drop in the SW membrane channel directly reduces the total transmembrane pressure that acts on the membrane surface. A driven pump has to maintain the transmembrane pressure; so, in the separation process, higher energy is required to compensate for the energy loss influenced by the pressure losses. To make comparisons across different feed spacer situations, the pressure drop can be expressed in terms of the friction factor. The friction factor is commonly employed as a dimensionless parameter to find the changing inclination for different Reynolds numbers. The relationship is presented as the following equation, f = f (R e ).
(8) Figure 9 shows the friction factor generated by the feed spacer with different connecting filament diameters and different Reynolds numbers. Table 2 lists the results reported in the study by Schock et al. [2] . The pressure drop increased when the Reynolds number increased, but the friction factor decreased when the Reynolds number increased. As the connecting filament diameter decreased (the channel porosity was increased), the flow cross-section of the channel obstructed by the feed spacer decreased. The pressure drop and friction factor values were higher when the porosity was low. The friction factor decreased when the porosity increased; however, the amplitude gradually became smaller, as shown in Figure 7 . Moreover, from the contours of total pressure shown in Figure 10 , the higher filament diameter generated a higher friction factor linked to the filament drag, and this was described as the drag coefficient in previous studies [45, 46] . Moreover, the Haaksman et al. experimental friction factor results for the commercial spacers were added to Figure 9 [23] .
The results of the current study tended to agree with results from the study by Haaksman et al. At the Reynolds number of 150, the pillar-like feed spacer d/a = 0.25 reduced by almost 43.63% compared to the commercial spacer CON-1. In the same group, the friction factor was lower than the commercial spacer CON-2 by almost 49.23% at the same Reynolds number.
described as the drag coefficient in previous studies [45, 46] Figure 9 . The friction factor, associated with the connecting filament diameter, as a function of the Reynolds number. A comparison was made with the friction factor results of Haaksman et al. [23] . Table 2 . The friction factor function parameters. Besides the friction factor, the dimensionless power number has also been commonly employed to simulate the pressure drop through energy consumption. The dimensionless power number increased when the Reynolds number increased. However, like the friction factor, the dimensionless power number was stable versus the channel porosity. In the work by Koutsou et al. [27] , the dimensionless power number reached 10 7 when the Reynolds number equaled 200. Figure 11 shows Besides the friction factor, the dimensionless power number has also been commonly employed to simulate the pressure drop through energy consumption. The dimensionless power number increased when the Reynolds number increased. However, like the friction factor, the dimensionless power number was stable versus the channel porosity. In the work by Koutsou et al. [27] , the dimensionless power number reached 10 7 when the Reynolds number equaled 200. Figure 11 shows that for the feed spacer d/a = 2, the dimensionless power number value was in agreement with the value in the numerical simulation results of Koutsou et al. [27] . However, the dimensionless power number was lower as the d/a decreased, and the dimensionless power number was also lower with low porosity. The relationship between the dimensionless power number and the Reynolds number is presented as the following equation, Figure 11 shows the dimensionless power number generated by the feed spacer with different connecting filament diameters for different Reynolds numbers. From Equation (6) and Equation (10) Table 3 ). The a 4 and b 4 were higher than the empty channel due to the hydraulic resistance from the spacer filament drag.
The results of Haaksman et al. [23] on the dimensionless power number of the commercial spacer were also added for comparison in Figure 11 . The results of the current study tended to agree with the results of Haaksman et al., where the friction factor decreased when the Reynolds number increased, although more quickly, and the dimension power number increased when the Reynolds number increased, although more slowly. The minimum group d/a = 0.25 friction factor was lower than the commercial spacer CON-1 by almost 52.93% at the Reynolds number of 150. In the same group, the dimensionless power number was lower than the commercial spacer CON-2 by almost 47.31% at the same Reynolds number.
The porosities of CON-1 and CON-2 were 0.855 and 0.866, respectively [23] , and for the group filament conjunction with the circular cross-section d = D, the porosity was 0.867. The value of the friction factor and the dimensionless power number approached those of CON-1 and CON-2 at a higher Reynolds number. This inclination indicated the effect of the filament drag on the energy consumption shown as channel porosity. Figure 11 shows the dimensionless power number generated by the feed spacer with different connecting filament diameters for different Reynolds numbers. From Equation (6) and Equation (10), the parameter a3 = a4, b4 = 3 + b3. Li et al. reported experimental empty channel results on this relationship [47] . The pillar-like feed spacer results were compared with the results from Li et al.
(which are listed in Table 3 ). The a4 and b4 were higher than the empty channel due to the hydraulic resistance from the spacer filament drag.
The porosities of CON-1 and CON-2 were 0.855 and 0.866, respectively [23] , and for the group filament conjunction with the circular cross-section d = D, the porosity was 0.867. The value of the friction factor and the dimensionless power number approached those of CON-1 and CON-2 at a higher Reynolds number. This inclination indicated the effect of the filament drag on the energy consumption shown as channel porosity. 
The Modified Friction Factor
RO membrane fouling relates to the hydrodynamics adjacent to the membrane surface. Even a new biomass attachment is dependent on the distribution of shear stress on the walls. An analysis of the wall shear stress was key to understanding the effect of hydrodynamics in the membrane wall region. Wall shear stress, τ, was indicated by the relation of the velocity shear rate τ = µdu/dy at the laminar flow. In this study, the wall shear stress simulation comparison for the different feed spacer structures was considered by comparisons of the wall shear stress contours and the modified friction factor's application.
The area average wall shear stress profiles were visualized by a two-dimensional (2D) contour plot from the 3D model. Figure 12 depicts the 2D contour plot of the wall shear stress on the upper membrane and lower membrane for the super velocities 0.01 m·s −1 , 0.02 m·s −1 , 0.04 m·s −1 , and 0.06 m·s −1 at different diameters of connecting filament. As a tool for statistical validity, the distribution of shear stress was shown under different super velocities and porosities, as shown in Figure 12 . Changes in the different Reynolds numbers and different porosities were concluded as follows:
1.
Based on the contour plot, the upper membrane and the lower membrane exhibited small differences in the wall shear stress profiles of the symmetric structure of the pillar-like feed spacer.
2.
From the color of the wall shear stress contours with a high Reynolds number, the wall shear stress was higher than with a low Reynolds number.
3.
It was obvious that a high channel porosity generated a low area average wall shear stress.
4.
High connecting filament diameters generated high wall shear stress focused on the membrane surface region above and below the connecting filament through its compression.
5.
The existence of high hydrodynamics on the upper membrane and lower membrane walls with an increasing Reynolds number enhanced the concentration reduction ability.
The modified friction factor was computed under the plot in Figure 12 . As a function of the dimensionless power number, the modified friction factor was illustrated in Equation (7). Santos et al. [4, 16] reported that the modified friction factor was slightly higher than 10 3 when the dimensionless power number approached 10 6 . Vicktor et al. [23] issued a similar report detailing that, when the dimensionless power number was close to 10 6 , the modified friction factor was approximately 10 3 . Additionally, compared to the Haaksman et al. results that were added in Figure 13 , the current study's results on the modified friction factor agreed with the results of Haaksman et al.; however, the value of the modified friction factor was higher. As the dimensionless power number reached 10 6 , the modified friction factor was enhanced by almost 20.40% and 22.27% compared to the commercial spacers CON-1 and CON-2, respectively. when the dimensionless power number was close to 10 6 , the modified friction factor was approximately 10 3 . Additionally, compared to the Haaksman et al. results that were added in Figure  13 , the current study's results on the modified friction factor agreed with the results of Haaksman et al.; however, the value of the modified friction factor was higher. As the dimensionless power number reached 10 6 , the modified friction factor was enhanced by almost 20.40% and 22.27% compared to the commercial spacers CON-1 and CON-2, respectively. 
Conclusions
 To lower the obstacle effect from the feed spacer in the SW Membrane feed channel, the support from the high porosity of the feed spacer structures with a small filament diameter was indispensable. The pillar-like feed spacer was introduced as a new template to manipulate energy consumption. Under laminar flow conditions, the element of the feed spacer between membrane envelopes was simulated using the CFD method. Subsequently, the simulation parameters were compared and validated with previous works. The main research findings revealed that, regarding the pressure drop, the decline in the connecting filament diameter of the pillar-like spacer and the rise in channel porosity reached 0.979. The inlet velocity was set at 0.04 m/s (at a constant flow rate), the channel porosity increased by 5%, and the pressure drop reduced by 62.56%. Compared with the results of previous works on conventional spacers and an empty channel, the current study's results on the pressure drop tended to be in agreement with them.  For the friction factor, based on the numerical predictions, the results for the dimensionless power number and the modified factor agreed with previous conventional spacer results. At the Reynolds number of 150, the group d/a = 0.25 friction factor reduced by almost 43.63% and 49.23% compared with the commercial spacers CON-1 and CON-2, respectively, and the dimensionless power number was lower than the commercial spacer CON-2 by almost 47.31% at the same Reynolds number for the same group.  Regarding the shear stress, homogenization of distribution changed the flow profile close to the 
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To lower the obstacle effect from the feed spacer in the SW Membrane feed channel, the support from the high porosity of the feed spacer structures with a small filament diameter was indispensable. The pillar-like feed spacer was introduced as a new template to manipulate energy consumption. Under laminar flow conditions, the element of the feed spacer between membrane envelopes was simulated using the CFD method. Subsequently, the simulation parameters were compared and validated with previous works. The main research findings revealed that, regarding the pressure drop, the decline in the connecting filament diameter of the pillar-like spacer and the rise in channel porosity reached 0.979. The inlet velocity was set at 0.04 m/s (at a constant flow rate), the channel porosity increased by 5%, and the pressure drop reduced by 62.56%. Compared with the results of previous works on conventional spacers and an empty channel, the current study's results on the pressure drop tended to be in agreement with them.
For the friction factor, based on the numerical predictions, the results for the dimensionless power number and the modified factor agreed with previous conventional spacer results. At the Reynolds number of 150, the group d/a = 0.25 friction factor reduced by almost 43.63% and 49.23% compared with the commercial spacers CON-1 and CON-2, respectively, and the dimensionless power number was lower than the commercial spacer CON-2 by almost 47.31% at the same Reynolds number for the same group. -Regarding the shear stress, homogenization of distribution changed the flow profile close to the membrane. At the dimensionless power number 10 6 , the modified friction factor was enhanced by almost 20.40% and 22.27% compared to the commercial spacers CON-1 and CON-2, respectively.
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